[1] We perform a statistical study of the surface current at the high-latitude magnetopause (HLMP) and the bow shock under different southward interplanetary magnetic field (IMF) conditions, taking advantage of the crossing events of these discontinuities by the Cluster spacecraft. With an enhancement of southward IMF B Z , the surface current at HLMP reduces, while increasing at the bow shock. Since the amount of the magnetospheric current increases with the increase of southward IMF B Z , a synthesis analysis based on the Cluster observations suggests the bow shock and HLMP together contribute to the magnetospheric current system, and the bow shock would become an important current generator when the southward IMF B Z becoming large. This scenario accords with the previous global magnetohydrodynamic (MHD) simulations.
Introduction
[2] The topology of magnetospheric currents, including the Chapman-Ferraro current, cross-tail current and region 1 current appeal to many researchers and have been discussed for years [e.g., Chapman and Ferraro, 1931; Axford et al., 1965; Siscoe et al., 1991] . It is generally believed that the region 1 current closes on the high-latitude magnetopause. The Chapman-Ferraro current, forming a set of nested rings concentric with cusp, and the cross-tail current, forming the Greek letter theta (q), would also close over the high-latitude magnetopause. This picture has been also revealed in recent global magnetohydrodynamic (MHD) simulations [e.g., Tanaka, 1995; Janhunen and Koskinen, 1996; Siscoe et al., 2000; Tang et al., 2009] .
[3] The high-latitude magnetopause (HLMP) is the region at the tail side of the cusp, with a southward magnetic field and a dusk-dawn direction current flowing on it. It is also known as the magnetopause with an attached plasma mantle [Panov et al., 2008] , or the tail side of cusp in the magnetopause [Tanaka, 1995] . When the interplanetary magnetic field (IMF) B Z is southward, the electric field is in dawndusk direction, and thus the sign of J Á E at HLMP is negative. From the current circuit view, this means the kinetic energy converts to electromagnetic energy at HLMP, therefore the HLMP plays as a "dynamo" in the current circuit. The corresponding "loads" of the Chapman-Ferraro current, region 1 current and cross-tail current loop are the day-side magnetopause, ionosphere and neutral sheet, respectively.
[4] However, global MHD simulations have provided more information which shows things are not so simple [e.g., Siscoe et al., 2000; Siebert and Siscoe, 2002; Siscoe and Siebert, 2006; Guo et al., 2008; Tang et al., 2009] . First, the bow shock converts flow energy to electromagnetic energy at any time except for zero IMF situation, and thus it is naturally a candidate "dynamo" as well. Under southward IMF B Z conditions, the bow shock can contribute to the dayside reconnection current, region 1 current and cross-tail current. Part of these current streamlines will divert into the magnetosheath when climbing up the magnetopause, and close across the bow shock instead of the HLMP. Furthermore, when the southward IMF becomes stronger, the total region 1 current (or the sum of the Chapman-Ferraro current and the region 1 current) increases, while the cross-tail current also increases under typical solar wind Mach numbers. However, the current-generating capacity of HLMP dynamo becomes less powerful as the magnitude of IMF B Z increases [Tang et al., 2009] . All these imply that the bow shock can not only contribute to the magnetospheric current system, but plays a significant role when the southward IMF B Z becomes stronger.
[5] Although in-situ observations by satellites can not reveal the geometry of the magnetospheric current system as easy as global MHD simulations, the orbit of Cluster covers HLMP and the bow shock which may give us some hints about the closing loops of the magnetospheric currents. Using multispacecraft analysis techniques [e.g., Dunlop et al., 2002a Dunlop et al., , 2002b , properties of the magnetopause and the bow shock, such as the orientation, flapping velocity, thickness and current density have been investigated in detail [Haaland et al., 2004; Dunlop and Balogh, 2005; Panov et al., 2006 Panov et al., , 2008 Horbury et al., 2002; Bale et al., 2003] . Much of previous work emphasizes the characters of the magnetopause and bow shock themselves, and few has 1 studied the relationship between these characters and the solar wind conditions.
[6] In this paper, we present initial statistical results between surface current of the HLMP and bow shock and the solar wind parameters, particularly IMF B Z , from which we can infer whether bow shock would contribute to the magnetospheric current system. For this purpose, we survey three periods Cluster data: from 1 January to 30 April 2001 April , 2003 April and 2004 , and then carry on the statistical study about the surface current.
Observations
[7] We use Cluster ion data from Cluster Ion Spectrometry (CIS) instrument [Reme et al., 1997] and magnetic field data from Fluxgate Magnetometer (FGM) [Balogh et al., 2001] with a time resolution of $4 s.
[8] In order to get the properties of the HLMP and bow shock, we primarily use the minimum variance analysis (MVA) method [Sonnerup and Cahill, 1967] to determine the normal direction of the boundary which is along the minimum variance direction of the magnetic field. The discontinuity analyzer (DA) [Dunlop et al., 2002a] technique is used to determine the flapping velocity along the normal and the thickness of the discontinuity. And the current density is calculated from the gradient tensor of the magnetic field which is of the same order of magnitude with the result from the curlometer [Dunlop et al., 2002b] . When these techniques are applied to Cluster data, it requires serval assumptions: (1) boundary is planar at the scale of spacecraft separations. (2) the spacecraft velocity is relatively small comparing to the motion of the discontinuity, and the motion is constant. (3) the current density does not vary much at the scale of the spacecraft separations. To satisfy these assumptions, we use data when the four spacecrafts are separated less than 400 km. In addition, a so_called LMN frame is introduced to depict the Cluster measurements. In this frame, the L-axis is in the maximum variance direction of the magnetic field, the N-axis is along the minimum variance direction, and the M-axis completes this orthogonal frame [Russell and Elphic, 1978] .
HLMP Crossing Surveys
[9] Since turbulence activities are very strong at HLMP [Savin et al., 2004] , we first select crossing events that contain a clear current sheet. In an attempt to investigate surface current at HLMP, it requires the current measured should close through the magnetopause instead of diverting into the magnetosheath. So further selections are based on the following criteria: (1) the crossing position should be near local noon region; (2) the current vector has a clear component in dusk-dawn direction and (3) at least 80% of total current lays in the boundary layer. The third criterion needs for the measurements of the current vector which limits us to take multispacecraft observations into account only. These criteria are also applied for the later bow shock crossing surveys.
[10] The solar wind parameters are taken from the OMNI-1 min data which have already been shifted to the bow shock nose [Weimer et al., 2003] . Considering a delay time of 6-8 min from the bow shock to HLMP, we only need to limit the solar wind staying at a relative quiet condition in at least 5 min (IMF B Z is southward and varies less than 1 nT, and the ram pressure changes less than 20 %).
[11] On 18 April 2002 during 17:00:12-17:00:36 UT, the Cluster spacecrafts cross the high latitude boundary layer at (7.1, À3.0,8.2)R E in the GSE coordinates. Figure 1 illustrates this crossing event. From the top to bottom panels, it shows the L, M and N components of the magnetic field, the magnitude of the current and the current vectors, respectively. A clean current sheet is contained in the boundary layer and its peak density exceeds 130 nA/m 2 . Moreover, the majority of this current is along the M direction, which means this crossing event is proper for our surveys. The crossing time interval (between the black lines) is determined by the gradient of the B L component of magnetic field, and it is used to integrate the current density for the surface current.
[12] For a statistical study, we list all proper HLMP crossing events in Table 1 . The columns of this table show the crossing events date, time, normal of the boundary layer, related solar wind conditions (IMF and ram pressure), change of the magnetic B L component across the magnetopause, the surface current (integrated from measured tangential current ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, the magnetopause flapping velocity along the normal and magnetopause thickness. As Cluster does not cross the HLMP very often [Lavraud et al., 2005; Panov et al., 2008] , only 9 proper samples are selected and tabled here. Fortunately, IMF B Z of these events distributes from $0 nT to $À8 nT rather equally.
[13] As demonstrated in MHD simulations, the HLMP serves as a dynamo for the magnetospheric current system when IMF is southward, and its entire current-generating capacity is affected by the strength of southward IMF [Tang et al., 2009] . However, in-situ multispacecraft observations can not calculate the total amount of current flowing across the HLMP but only give local surface current density.
[14] Figure 2 depicts the relationship between the integrated surface current I T at HLMP and the IMF B Z . The negative value of the surface current means that it has a duskdawn component. When the negative IMF B Z strengthens, the surface current reduces. It reduced about 50% when the IMF B Z changes from 0 nT to À8 nT. Besides, the crossing locations are concentrated near to the noon-midnight meridian plane, so if the difference of surface current due to the location is not significant, we could use these local measurements at tail cusp region as an approximation to represent the entire current-generating capacity of HLMP dynamo roughly. Thereby the entire current-generating capacity of HLMP will be less powerful with the increasing magnitude of southward IMF B Z , which accords with MHD simulations.
[15] The surface current at HLMP can be understood by the pressure balance equation of the HLMP near the local noon:
where B Zsh , B Ysh and ru ? 2 represent the Y and Z component of the magnetic field in the magnetosheath, solar wind ram pressure along the normal direction, B Zms is the magnetospheric magnetic field and p′ and p″ are other pressure terms appeared in the equation. Here, it is noted that B Zms at HLMP is always southward and the surface current can be estimated by the change of magnetic field across the magnetopause according to the Ampere's law. As the magnitude of IMF B Z increases, the shocked magnetic pressure B Zsh 2 /2m can enhance to be an important part of left-hand side of equation (1), which may even become comparable with the right-hand side B Zms 2 /2m. Thus the change of DB Z across the boundary diminishes, and the current determined from the DB Z decreases as well, resulting in a less powerful current-generating HLMP dynamo. These relationships among IMF B Z , the change of the magnetic field across the HLMP and the surface current are shown in Table 1 .
[16] However, we do not account for the effect of other solar wind parameters such as the solar wind ram pressure and IMF B Y when exploring the relationship between the surface current at HLMP and IMF B Z . According to Table 1 , the solar wind ram pressure varies from 1 nPa to 3 nPa, and The distance between sc1 and sc3 is larger than 400 km, but the value of r Á B/r Â B is still acceptable.
IMF B Y from $1 nT to 10 nT. From equation (1), a larger solar wind ram pressure will increase the magnetic field change on the two sides of magnetopause by compressing the magnetosphere. This means a larger ram pressure will result in a more powerful HLMP dynamo. IMF B Y has a similar effect in generating current according to equation (1). However, when southward IMF B Z is very strong (less than À7 nT), the sample selected is either in a strong solar wind ram pressure condition (No. 1) or in a strong IMF B Y condition (No. 5). So the effect of the solar wind ram pressure and IMF B Y does not change the conclusion between the surface current and IMF B Z discussed above in a significant way. In addition, in the far tail magnetopause, the B X component could contribute more in the above pressure balance equation due to the draping effect. However, the Cluster spacecrafts only cross HLMP just at tailward cusp region in our survey, the effect of B X is not significant. In future work, the contribution of the B X component deserves more attentions if one investigates a larger HLMP dynamo region.
[17] Since the surface current in M direction (I M ) at the boundary layer can be integrated by the current density (J M ) and estimated by the gradient of the B L according to Ampere's Law, respectively. They should agree well with each other. Figure 3 shows a scatterplot of this result. The fitted straight line is very diagonal with a slope of 1.05 which accords well with previous work Panov et al., 2008] .
[18] As mentioned above, the surface current integration is over the entire current sheet region. The flapping velocity and thickness of the magnetopause estimated in this integration are also listed in Table 1 . The flapping velocity along the normal direction varies from $10 to 50 km/s, with the mean value of 26 km/s, and the thickness of the high-latitude magnetopause varies from $200 to 1100 km, with the mean value of 630 km, which are consistent with the results inferred from the"PM type" magnetopause (which is adjacent to the plasma mantle) given by Panov et al. [2008] .
Bow Shock Crossing Surveys
[19] In order to make an accurate current measurement, a well-defined bow shock is a must. One tends to select a quasi-perpendicular shock whose transition is abrupt and clear rather than a quasi-parallel shocks which may associated with other physical phenomena. And quasi-perpendicular shocks can also naturally represent the entire current-generating capacity of the bow shock dynamo. The related solar wind parameters are directly taken from the upstream of the shocks. Again we limit the bow shock crossing region near the bow shock nose.
[20] Figure 4 shows a typical bow shock crossing on 19 March 2001 during 23:46:05-23:46:21 UT at (13.4, À1.1,8.4) R E in GSE coordinates which has the same format as in Figure 1 . The small magnitude of N component of magnetic field suggests it is a quasi-perpendicular shock crossing and a clear current sheet lays in the bow shock ramp layer, with the main component along M direction. We only integrate the current in the ramp layer which is marked by two vertical lines.
[21] As we focus on the relation between IMF B Z and the bow shock surface current, we then select events in which IMF B Z takes up the majority of the IMF in the upstream solar wind: that is B Z /B total > 0.6, or B total < 5 nT. In this way, we get totally 25 crossing events. Figure 5 shows the relationship between the surface current at bow shock and IMF B Z . The negative value of the surface current indicates it has a dusk-dawn component, so J Á E at the bow shock is always negative, which means bow shock plays as a dynamo except for IMF B Z equals 0. When IMF increases from 0, the surface current at the bow shock increases as well. The good linear correlation can be understood as follows: as a quasiperpendicular shock,
where I T is the surface current on the bow shock, B Zup is IMF B Z , and h is the compression ratio. Under typical solar wind conditions, h does not vary much, thus the result shows a good linear relation between IMF B Z and I T .
[22] Finally, Figure 6 plots the surface current calculated by different methods which is similar to Figure 3 , and the slope of the fitted line is 0.96. The result accords with equation (2), and would be expected.
Discussion and Summary
[23] Though the bow shock-magnetosphere environment is very active, and turbulence, waves, fine structures of discontinuities make it not easy to identify a clean current sheet sometimes, if we consider the current system on a global view, the Cluster crossing surveys suggest the bow shock and HLMP together contribute to the magnetospheric current system.
[24] When IMF B Z is southward and small in magnitude, the bow shock current-generating capacity is weak and HLMP dynamo is the main current provider for the magnetospheric current system. In this situation, nearly all the magnetospheric current streamlines climb up to the high latitude magnetopause, and form an entire circuit. This is the classic picture of magnetospheric current geometry. As negative IMF B Z strengthens, the total amount of the magnetospheric current increases, the dynamic HLMP becomes less powerful, and the bow shock develops as an important dynamo gradually. Thus part of the current streamline would divert into magnetosheath, and close thought the bow shock, which has been revealed by many global MHD simulations. As southward IMF B Z becomes very strong, the current-generating capacity of the HLMP would even be halved suggested by Figure 2 . This indicates that bow shock would supply at least 50% current in the whole current circuit which is consistent with simulation work, too. However, it should be noted that Figures 2 and 4 just show the relation between local current measurements and IMF B Z , and the total current-generating capacity of HLMP and bow shock is also affected by the integration area of these dynamos. So the surface current value in local HLMP and bow shock measurement can not be used to compare with each other directly.
[25] Figure 7 illustrates the total magnetospheric current (I TM ), HLMP current (I MP ) and bow shock current (I BS ) and their dependence on IMF B Z schematically. It summarizes the current variation tendency with IMF B Z : when southward IMF B Z strengthes, the HLMP generator become less powerful, and the entire current-generating capacity of the bow shock increases, so the bow shock tends to replace the HLMP as an important magnetospheric current provider. When the bow shock becomes the dominant current dynamo, Lopez et al. [2011] examine the role of the bow shock in coupling solar wind energy to the magnetosphere, which could transport energy to magnetosheath and magnetosphere. And obviously, the linear dependence depicted here only indicates the general trends of current changing.
[26] As for the situation of the northward IMF B Z , the magnetic reconnection occurs at polar region, and J Á E at the HLMP is larger than 0, thus the HLMP is no longer a dynamo, but a load. However, the bow shock is still a dynamo, which may contribute to the polar reconnection current [Siebert and Siscoe, 2002] . So the scenario under northward IMF B Z is somewhat different, but bow shock can still contribute to magnetospheric current systems.
[27] Nevertheless, we have surveyed proper high-latitude magnetopause and bow shock crossing events by Cluster spacecraft observations, and studied the relationship between surface current of these discontinuities and the IMF B Z . The statistical result shows that when the magnitude of southward IMF B Z increases, surface current at HLMP decreases, and its value may even reduce to 50% if IMF B Z changes from 0 nt to À8 nT. Meanwhile, bow shock current surface current increases significantly when the southward IMF B Z becomes very strong. So it is reasonable to infer that the bow shock and HLMP together contribute to the magnetospheric current system, and the bow shock would provide over 50% of the current under extreme southward IMF B Z condition. These results accord well with previous MHD simulation results [Guo et al., 2008; Tang et al., 2009; Lopez et al., 2011] . However, for observation limitations, this survey is only local current measurements, and we can not compare surface current changing at the bow shock and HLMP simultaneously, either. So a well-established relationship between the solar wind and the entire current-generating capacity of these dynamos may need further improved observations.
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